A novel multiple-airlifting membrane bioreactor is built with four sintered stainless steel tubular filters as the risers and downcomers. This work investigates the hydrodynamics including gas holdup, liquid velocity, liquid circulation and mixing times by aerating different number of risers (one to three) at superficial gas velocities of 0.02-0.07 m/s The mass transfer phenomena, including oxygen mass transfer (k L a) and effective molecular diffusivity of lactic and acetic acids through the walls of tubular filters, are also investigated. It is found that gas holdup in individual risers increases linearly with the superficial gas velocity, and performs independently under multiple-airlifting conditions. The vessel-based gas holdup and liquid velocity in downcomer(s) increase with aeration rate of individual risers as well as the number of risers. The liquid velocity in downcomers reaches an upper limit (about 0.6 m/s), because of flow resistance or energy loss of liquid circulation. The oxygen mass transfer coefficient (k L a) is primarily affected by gas holdup and the number of risers, and to some extent influenced by liquid velocity. The novel airlifter configuration results in good liquid mixing in the bioreactor that quickly reaches new steady state in response to a sudden pH change from acid addition. ᭧
Introduction
Since the first airlifter was invented by Lefrancois et al. (1955) about 50 years ago airlifting reactors have found increasing applications in bio-industry, because of many advantages such as simple structure, low energy consumption, good mixing and low shear stress to cells (Chisti and Moo-Young, 1987; Chisti, 1989) . Airlifters usually have two compartments-a riser where gas is sparged to give an upflow of fluids and a downcomer where little or no gas exists to give a net downflow of liquid. The difference of gas holdup between the two compartments is the driving force for a stable and defined fluid circulation and mixing in the reactors. The most common configuration of airlifting is an internal airlifter with a draft tube or an external airlifter with separated riser and downcomer. The latter has better degassing and hence smaller gas holdup in the downcomer than the former does (Chisti, 1989) . These conventional airlifting bioreactors are used for single culture or fermentation under aerobic conditions. Progress in biotechnology has generated new biosystems that require novel bioreactors for new metabolic products or improved yield and productivity. For instance, membrane bioreactors have been used for simultaneous cell cultivation and removal of the spent medium or metabolic wastes (Wang and Zhong, 2006) . In some applications, aerobic and anaerobic cultures should work together for a complete biosynthesis or bioconversion (Yu and Si, 2001) . Although conventional bioreactors could be modified by adding external circulation lines equipped with pump, filter or centrifuge to meet the demands (Yu et al., 1999) , the facility cost is high and continuous operation may have problems such as contamination, cell damage and so on. Different airlifting configurations have been designed and investigated, but most of them are based on conventional structure of one riser with one downcomer (Bendjaballah et al., 1999; Benyahia and Jones, 1997; Camarasa et al., 2001; Choi, 2002; Freitas et al., 2000; Kawase and Hashimoto, 1996; Mohanty et al., 2006; Nikakhtari and Hill, 2005; Vial et al., 2002) . A novel cascaded airlifting reactor was investigated by Bakker et al. (1994) for hydrolysis of sucrose to glucose and fructose on immobilized invertase. The advantage of this new configuration, in comparison with multiple separate units, is the elimination of interconnecting pipe and pumps. Liu et al. (2000) designed an airlifting structure with two risers and two downcomers that were connected by a gas-liquid separator on the top and a liquid container at the bottom. These new airlifting configurations are actually two airlifters that are connected in series to increase the length of riser and downcomer.
In this work, a multiple-airlifting membrane bioreactor (MAMBR) was designed, fabricated and investigated for operational hydrodynamics and mass transfers. The bioreactor could be operated with different numbers of risers (one to three) with corresponding downcomers (three to one) to give a control on overall mixing and gas-liquid mass transfer. In addition, the multiple risers and downcomers were microfiltration filter tubes, allowing molecular diffusion of metabolic products through the wall membranes. We report the results on hydrodynamics and mass transfer in this novel bioreactor, including gas holdups in risers and downcomers, superficial liquid velocities, liquid circulation and mixing times, oxygen mass transfer (k L a) in aerobic compartment and effective molecular diffusivities of lactic and acetic acids across the membranes of microfiltration filters. Fig. 1 is a schematic diagram of the MAMBR made from acrylic plastics. The vessel had a diameter of 0.28 m and an overall height of 1.10 m. Four sintered stainless steel filter tubes (GKN Sinter Metals, IL, USA) were installed between the bottom (0.088 m high) and top (0.25 m high) sections, separating the vessel into two compartments, a tube-side aerobic compartment of 0.016 m 3 and a shell-side anaerobic compartment of 0.032 m 3 . Air and water were the working media for the study, and all the experiments were conducted at 23 ± 1 • C. Air could be sparged into the individual tubes (risers) at the bottom through a jet (orifice diameter of 1 mm). Air bubbles rose up in the risers and left from water in the top degassing section. The degassed water flowed into the tubes that were not aerated (downcomers) forming overall liquid circulations as shown in Fig. 1 . Three operation modes were investigated by introducing air into one, two and three risers, respectively, with the rest tube(s) as the downcomer(s). The number of airlifting in the MAMBR, therefore, could be easily changed for studies on hydrodynamics and mass transfer. For two risers, there were two arrangements of the risers and downcomers, a parallel pattern (P1) and a diagonal pattern (P2). The stainless steel filter tubes had an external diameter of 6.5 cm and a wall thickness of 2.5 mm with a porosity of 20% and average pore size of 10 m. In addition to oxygen mass transfer in the aerated tube-side Fig. 1 . Schematic diagram of multi-airlifting membrane bioreactor (MAMBR). Symbols: Air (N 2 ), inlets of air or nitrogen gas; DO, dissolved oxygen probe; pH, pH probe; P a and P b , ports for pressure measurement; T 1 .T 4 , stainless steel membrane tubes; U 1 and U 2 , inclined manometer for pressure measurement; S 1 and S 2 , liquid sampling ports. compartment, molecular diffusion of substances such as nutrients and metabolic products occurs across the porous walls of filter tubes under concentration gradients This novel bioreactor, therefore, could efficiently integrate aerobic and anaerobic cultures in one single vessel.
Materials and methods

Reactor configuration
Experimental measurements
Gas holdup and liquid velocity
The air flow rate in individual risers was controlled and measured with a needle valve and flow meter (Cole-Parmer, IL, USA). In order to measure the liquid velocity and gas holdup in the risers and downcomers, one filter tube was replaced with a transparent acrylic tube of the same size as shown in Fig. 1 . Without aeration, the tube performed as a downcomer. The liquid velocity at the tube center was measured as pressure drop against the wall based on the working principal of Pitot tube. Two inclined manometers were used to measure the pressure difference. For turbulent pipe flow, the average velocity is about 80% of the measured maximum velocity (Geankoplis, 2004) . With aeration, the tube performed as a riser. The pressure difference between two ports (P a and P b , H = 38.1 cm apart) was measured for difference of fluid density and used to estimate the gas holdup in the riser (or downcomer). The gas holdup of individual risers ( r ) or downcomers ( d ) is determined with
where h is the pressure difference between the two ports. An overall gas holdup ( v ) based on total aerobic volume of tube-side compartment is estimated with
where n is the number of risers and V t and V L are the volumes of individual tube and tube-side compartment, respectively.
Calibration of liquid velocity measurement
For liquid velocity measurement in downcomer, a calibration facility of similar structure was used to calibrate the water flow rate with the inclined manometers. A pair of Pitot tube was mounted on a pipe (25 mm in diameter) to measure the pressure difference when tap water flew upward at different volumetric rates. The superficial liquid velocity (U L,t ) was correlated with the pressure drop ( P ):
where C p is a dimensionless coefficient and w is the water density. At a liquid velocity ranging from 0.13 to 0.47 m/s, the value of C p is 0.901, in agreement with the reported values of 0.98-1.0 (Geankoplis, 2004) .
Measurement of circulation time
Acid tracer was used to measure the overall mixing time (t m ) for 95% homogeneity and liquid circulation time (t c ) for one complete cycle between riser and downcomer. Five milliliters of hydrochloric acid solution (∼ 5 M) was injected into the liquid above a downcomer, and a pH probe (model UP-10, Denver, CO, USA) located above a riser was used to monitor the change of solution pH with time. The circulation time was estimated by taking an average value of consecutive time intervals between two pH peaks (Chisti, 1989) .
Oxygen mass transfer coefficient k L a
The value of k L a under different operation conditions was determined by a dynamic method (Chisti, 1989) . A dissolved oxygen (DO) probe (BIOFLO ᭨ 110, New Brunswick Scientific Co., Edison, NJ, USA) was mounted in the top section right above a downcomer as shown in Fig. 1 . DO in water was first removed by sparging nitrogen gas till the DO concentration reached near zero. Aeration was then started with different number of risers at different superficial gas velocities, and a time course was recorded till a steady-state DO concentration was reached. By assuming good mixing and negligible time delay of oxygen sensor, the following equation describes the dynamic response of DO concentration with time:
where t refers to time and C * and C L the saturated and instantaneous concentration of DO in water, respectively. Since the time constant of the oxygen sensor is about 30 s (Mettler-Toledo GmbH, Ockerweg, Germany), a first-order model (Eq. 5) is used to predict the signal delay in the measurement of dynamic response (Philichi and Stenstrom, 1989; Letzel et al., 1999) :
where C p is the instantaneous concentration of DO indicated by sensor and is the sensor's time constant. Simultaneously solving Eqs. (4) and (5) gives
The volumetric oxygen mass transfer coefficient k L a is estimated by fitting Eq. (6) on re-aeration curves. An average value of k L a with ±20% was obtained with duplicate or triplicate measurements.
Molecular diffusion of organic acids through filter walls
The shell-side compartment was filled up with a fermentation solution containing lactic acid (16.8 g/L) and acetic acid (6.3 g/L). An external circulation (10 L acid solution as shown in Fig. 1 ) was provided for good mixing. The tube-side compartment was filled with a mineral solution containing no organic acids. Solution samples were taken at an interval of 1 h to monitor the change of organic acid concentrations in the two compartments. The organic acids were determined with an HPLC (Shimadzu, Chiyoda-ku, Tokyo, Japan) equipped with an organic acid column maintained at 65 • C. They were eluted by a water-sulfuric acid solution (pH 2.5) at 0.8 mL/min, and detected at UV 210 nm. The acid concentrations were calibrated against standard solutions.
Assuming a quasi-steady-state diffusion through the porous walls, the following equation gives a mass balance and concentration change with time for lactic acid:
and
where N LA is the moles of lactic acid transferred from the shell side to the tube side per volume per second, A is the total membrane surface area (0.62 m 2 ), D LA,e is the effective diffusivity of lactic acid (m 2 /s), is the wall thickness of the filter tubes (m), V L is the liquid volume of tube-side compartment (m 3 ) and C LA,s and C LA,t refer to the lactic acid concentrations in the shell side and tube side (mol/m 3 ), respectively. The effective diffusivity of lactic acid depends on the diffusivity in water (D LA , m 2 /s), the open area fraction of porous wall ( ) and a tortuous path that is greater than the thickness of tube wall ( ) by a factor of .
The value of D LA,e is obtained from a time course given by the following equation that is derived from Eq. (7):
where V is the ratio of tube-side volume to shell-side volume. The same method is also used for the effective molecular diffusivity of acetic acid.
Results and discussion
Gas holdup in riser(s)
The gas holdup in risers is the driving force of liquid circulation in airlifting reactors. Linear increase of gas holdup ( r ) with the riser-based superficial gas velocity (U G,r ) was observed under three operation conditions as shown in Fig. 2a . At low gas velocities (U G,r < 0.04 m/s), the difference of gas holdup with different number of risers was quite small. It indicates that the individual risers performed independently under multiple-airlifting conditions and the gas holdup in one riser was determined by its aeration rate, not by aeration in other risers. After the superficial gas velocity exceeded 0.06 m/s, however, a clear trend of higher gas holdup was observed when three risers were operated, in comparison with one or two risers. This observation indicates that at high aeration rate the gas holdup was to some extent affected by the number of risers and downcomers. When three risers with one downcomer were used, the ratio of downcomer-to-riser cross-sectional area (A d /A r ) was the smallest (0.33) and the liquid velocity in the risers was slowest (data not shown here). Under these conditions, the air bubbles might have a relatively long retention time in the risers, giving a relatively high gas holdup. The effect of liquid velocity on gas holdup in riser has also been observed by other investigators (Bendjaballah et al., 1999; Choi, 2002; Vial et al., 2002) .
The vessel-based gas holdup ( v ), as shown in Fig. 2b , increases with the aeration rate of individual risers as well as the number of risers. When the operation mode was shifted from one riser to three risers, the measurement error also increased because of the high turbulence and fluctuation of fluid flow. The result shows that the oxygen mass transfer in this bioreactor can be controlled according to the desired respiration rate of biological systems by adjusting the aeration rate of individual risers, the number of risers or both. In comparison, a conventional internal or external airlifting bioreactor with one riser and one downcomer has a fixed A d /A r , and air flow rate is the only operational parameter to meet the demands of good mixing, less shear stress and different respiration rates. Many times, it cannot meet all these demands.
In conventional internal airlifter, investigators have observed that the overall gas holdup increases and levels off with gas velocity (Chisti, 1989; Vial et al., 2002 ). This phenomenon is attributed to the increased gas holdup in downcomer at high gas flow rate (Chisti, 1989; Choi, 2002) . In contrast, the gas holdup of this multiple airlifter increases almost linearly with superficial gas velocity. This fact suggests an efficient degassing and a low gas holdup in downcomer(s) because of the separated risers and downcomers. Gas holdup in downcomers is a direct evidence of degassing efficiency and described as follows. Fig. 3 shows the gas holdup in downcomer(s) when the reactor was operated with two and three risers, respectively. The gas holdup in downcomer(s) was mainly caused by dissolved air or tiny air bubbles that were brought into the downcomers by liquid circulation before they left from the degassing zone. The tiny bubbles, once they were formed, hardly escaped from the downcomers because of the downward liquid flow, particularly when the reactor was operated with three risers at high aeration rates. The gas holdup in downcomer could adversely affect the liquid circulation, mixing and mass transfer of airlifting bioreactors. In the worst conditions, however, it is less than 10% of the gas holdup in risers as shown in Figs. 2a and 3 . The liquid degassing in the top degassing zone could be affected by the distance and flow direction between risers and downcomers. For two risers, the downcomers could be arranged in two positions relative to the risers, a parallel position (P1) and a diagonal position (P2) as shown in Fig. 1. Fig. 3 reveals that the two positions (P1 vs P2) had statistically little influence on the downcomer gas holdup. This observation implies a high degassing efficiency of the multiple risers and downcomers that are separated from each other. In contrast, a conventional internal airlifter often has a high gas holdup in downcomer at high aeration rates because of relatively poor degassing efficiency (Chisti, 1989) .
Gas holdup in downcomer(s)
Superficial liquid velocity in downcomer(s)
The overall liquid circulation in this reactor was estimated by measuring the superficial liquid velocity (U l,d ) in downcomer(s). Fig. 4 shows the measured liquid velocity at different superficial gas velocities (U G,r ) with one, two and three risers, respectively. It is interesting to note that with one or two risers, the liquid velocity in downcomers increased almost linearly with gas velocity. Under three risers, however, it approached a maximum value around 0.6 m/s. In addition, larger increase in liquid velocity was observed when the number of risers was increased from one to two than two to three, even though each riser was operated at the same gas velocity. It should be pointed out that with increasing of riser numbers (n), the number of downcomers (m) was correspondingly reduced (n + m = 4). As the ratio of cross-section areas of downcomers to risers (A d /A r ) was linearly reduced from 3 to 1 and further to 0.33, the liquid velocity in downcomers at a given gas velocity would also increase linearly, because of an almost constant gas holdup difference as pointed out above (Figs. 2a and 3) . ) at riser-based gas velocity (U G,r ) with one, two and three risers, respectively. For operation of two risers, the liquid velocities were measured in two downcomers that were located at different positions relative to the riser(s), parallel position (P1) and diagonal position (P2) (see Fig. 1 ).
The non-linear increase of liquid velocity with number of risers, therefore, might reflect the increasing energy loss or flow resistance under high turbulence and liquid velocity. It is also interesting to note that the liquid velocity in individual risers was substantially lower with three risers than those with one or two risers (data not shown here). Fig. 4 also shows that with two risers and two downcomers, the parallel arrangement (P1) gave lower liquid velocity than the diagonal arrangement (P2), particularly at high aeration rates. Compared to the diagonal position, the parallel position of risers and downcomers had not only longer flow path but also stronger mixing of fluids in the top and bottom zones (Fig. 1) , which resulted in a higher energy loss.
Liquid circulation velocity in airlifter is a crucial operational parameter that affects the performance of bioreactors, such as mixing time (Merchuk et al., 1996) , oxygen mass transfer (Sotiriadis et al., 2005) , downcomer gas holdup (Chisti, 1989) , flow regime transition (Bendjaballah et al., 1999) and adhesive strength of biofilms (Chen et al., 2005) . The liquid velocity plateau under three risers, observed at high gas velocities, may be attributed to the energy loss of liquid circulation, or to an increased gas holdup in downcomer (Chisti, 1989) . The former, as shown above, may be the major factor because the gas holdup difference is actually increased linearly from 0 to 0.1 (compare Figs. 2a and 3) . In other words, the liquid velocity can be restricted due to energy loss of liquid circulation.
Circulation time and mixing time
Liquid mixing in airlifters depends to a great extent on the overall liquid circulation between the risers and downcomers. Fig. 5 is the time course of solution pH after a pulse acid tracer was introduced into the multiple airlifter that was aerated steadily at three rates with one, two and three risers, respectively. As expected, the time duration required to reach new steady state of solution pH became short with increase in gas velocity and the number of risers. With one or two risers, the peaks of solution pH could be clearly observed, particularly at low gas velocities, while with three risers the response curves became quite smooth. It demonstrates that this multiple-airlifting bioreactor has a quick and smooth control on solution pH. From the time gap between two peaks in the response curves (Figs. 5a and b) , the circulation time of overall liquid flow is estimated and given in Table 1 . The circulation time is reduced from 55 s with one riser at a low gas velocity (U G,r =0.014 m/s) to 23 s with two risers at a high gas velocity (U G,r =0.054 m/s). An ideal circulation time is also calculated by using the liquid velocity in the downcomers (U L,d ) with
where A d refers to the total cross-section area of downcomers and V t , V top and V bot the volumes of individual tube, top degassing zone and bottom distribution zone, respectively. Eq. (10) assumes an ideal plug flow of a liquid circulation loop without backmixing, local turbulence, overall dispersion and so on. As given in Table 1 , the ideal circulation time has a similar trend with regard to the effects of number of risers and gas velocity. Generally speaking, the circulation time from tracer response curves is about 2 times longer than the ideal one. In actual liquid circulation, the time is extended because of nonplug flow conditions such as local backmixing, and dead zones near the sudden changes of cross-section and flow direction. The mixing performance of an airlifting bioreactor is often characterized by a mixing time that is defined as the time required to reach a steady-state concentration (e.g. 95% homogeneity) after a pulse of tracer is introduced. Verlaan et al. (1989) suggested a correlation between the mixing time (t m ) and liquid circulation time (t c ):
where Pe is an overall Peclet number, U L the mean liquid circulation velocity, L c the average length of one circulation loop and E L the overall axial dispersion coefficient. The overall Peclet number of liquid circulations ranged between 40 and 60 and increased with gas flow rate (Verlaan et al., 1989) . For the turbulent liquid and gas flow in this study, Eq. 12 is recommended by Joshi et al. (1990) to estimate the value of E L that depends on the diameter (d t ) and liquid velocity (U L,d ) of downcomers:
At superficial gas velocities from 0.014 and 0.054 m/s, the mixing time of this multiple airlifter is reduced from 10.8 to 6.4 min with one riser and from 6.2 to 4.2 min with two risers. These estimated mixing times, however, are much longer than those found with the tracer response curves (Fig. 5) . Actually, it took less than 3 min to reach a new steady pH level after an aliquot of acid solution was added.
Oxygen mass transfer (k L a)
The specific volumetric oxygen mass transfer rate (k L a) in this multiple airlifter depends on the number of risers and their aeration rates as shown in Fig. 6 . The oxygen mass transfer from air to water mainly occurred in the risers because of the very low gas holdup in downcomers (compare Figs. 2a and 3) . The mass transfer coefficient of whole airlifter is, therefore, proportional to the number of risers. At a superficial gas velocity from 0.013 to 0.061 m/s, k L a was increased by 3-folds with the increase of risers from one to three. In addition, its increase with superficial gas velocity (U G,r ) is also in good agreement with the linear increase of gas holdup as shown in Fig. 2a . Usually, liquid circulation velocity is also considered an important factor on the value of k L a. High liquid circulation velocities, for example, may help disperse air bubbles, reduce their coalescence and improve the interfacial contact between gas and liquid. This positive effect of liquid circulation on oxygen mass transfer, however, is often associated with high gas velocities. For a conventional airlift with a fixed riser/downcomer ratio, it is impossible to identify the individual effects of gas holdup and liquid circulation, because both of them are determined by gas velocity. Our result shows that the effect of liquid velocity is not significant compared to the number of risers and their gas holdups. First, the value of k L a is increased in proportional to the number of risers, rather than the non-linear increase of liquid velocity as shown in Fig. 4 . Second, when the liquid circulation velocity approached a plateau at high gas velocities (Fig. 4) , the value of k L a increased almost linearly with gas velocity (Fig. 6) , implying a minor influence of liquid velocity on oxygen mass transfer. Actually, a bubble column without a large loop of liquid circulation may provide a higher k L a than an airlift does. Table 2 compares the values of k L a of representative pneumatically agitated bioreactors including a bubble column, an internal airlifter (IL-ALR), two external airlifters (EL-ALR) and this novel multiple airlifter (MAMBR). The data show that the oxygen mass transfer in this multiple airlifter can be controlled quite conveniently in a relatively broad range to meet different respiration rates of cells.
Molecular diffusivity of lactic and acetic acids
Four stainless steel filter tubes were used as the multiple riser(s) and downcomer(s) as shown in Fig. 1 . Their porous surface area (0.62 m 2 ) also let molecules diffuse through the walls under concentration gradients. This MAMBR, therefore, can integrate two different biological systems together. For instance, simultaneous aerobic and anaerobic fermentations could be performed in the tube-side and the shell-side compartments, respectively. Fig. 7 is the time course for measurement of diffusivities of two fermentative acids, lactic and acetic acids, under concentration gradients from the shell-side compartment toward the tube-side compartment (see Fig. 1 ). The effective diffusivities are obtained from the slopes of the linearized curves given by Eq. (9). For lactic acid, D LA,e = 6.77 × 10 −11 m 2 /s (R 2 = 0.9974), and for acetic acid, D AC,e = 5.74 × 10 −11 m 2 /s (R 2 = 0.9974). A semi-theoretical equation (Geankoplis, 2004 ) is used to give the diffusivities of lactic and acetic acids in diluted aqueous solutions of 9.964 × 10 −10 and 1.289 × 10 −9 m 2 /s, respectively. According to the manufacturer's information, the open area of filter walls ( ) is about 20%, and the tortuous factor is estimated from the diffusivities of two organic acids. It is found that the molecules of organic acids actually traveled 2.9-4.5 times longer path than the wall thickness.
Conclusions
The gas holdup and liquid circulation velocity in this MAMBR are determined by the superficial gas velocity or aeration rate as observed in conventional internal or external airlifters. This novel airlifter, however, provides another operational parameter, the numbers of risers and downcomers, to control the overall gas holdup and liquid circulation. It is convenient to control the liquid mixing and oxygen mass transfer for requirements of different biological systems, such as different respiration rates during a batch culture and sensitivity to gas or liquid share stress. In addition, the multiple risers and downcomers made from porous stainless steel filter tubes provide a means of integrating two different biological systems such as aerobic and anaerobic fermentations. Their metabolites can be exchanged via molecule diffusion through the porous membranes under concentration gradients while the cells are maintained under different conditions. The information provided above could be used to design a novel MAMBR that exhibits good liquid mixing, moderate shear stress to cells, appropriate oxygen supply and enough membrane area for metabolite exchange. 
Notation
